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贡献。但是，二十多年来SERS的应用主要局限在具有强SERS效应的A g、 A u和 Cii 
电极上。目前有关C 1 分子在纯过渡金属电极上的拉曼光谱研究，仅有两篇简单的有 
关 CO在 P t电极上吸附的报道，其中七十年代中期的一篇报道长期无法被其它研究小 
组所重复，而另一篇则是我们小组于近期在碱性体系中得到的一初步结果。本论文工 
作从拓宽SERS研究 C 1分子在过渡金属上的吸附和反应的目的出发,主要开展了以下 
几个方面的工作：
一、C O 在粗糙P t 电极上的吸附和氧化的拉曼光谱研究
我们利用高灵敏度的共焦显微拉曼系统和特殊的P t电极粗糙方法，首次系统地研 

















数区很强的单端吸附C 0 的 Pt-C振动峰。在低覆盖度下，我们可得到位于〜 1810 cm'1 
的谱峰，在以往的其它谱学方法研究中一直对该峰的归属(桥式或多位吸附的CO)存在 
不同的看法，而根据与该峰同时出现的低波数区410-430 的谱峰，我们可以肯定
〜 1810 的谱峰为桥式吸附CO , 这表明了获得低波数区信号的重要性。
(2)与单端吸附C O的 C - 0振动峰相比， Pt〃C 振动峰的频率和半峰宽对周围环境 
如覆盖度、电位等的变化较不敏感。例如在H2S04介质中， C -0峰和Pt-C峰的 Stark 
效应值分别为25-30 cm] / V 和-4 - -5 cm'VV , 其原因是当电位正移时，从 P t原子的5d 




CO的振动频率随电位改变的明显不同，我们推测0 在粗糙和光滑P t电极上氧化行为 
不同：在粗糙P t电极上， C O 的氧化是均匀地在C O吸附层中进行的; 而在光滑Pt 
电极上，CO的氧化则是在CO吸附层的岛状边缘进行。这主要是由于粗糙的P t表面 
有较多的表面缺陷如拐角、边缘和台阶等表面缺陷,而光滑Pt电极上则有较多的平台， 
CO在这些位置上的吸附和氧化行为不同，从而影响了 CO在粗糙和光滑P t电极上的 
氧化行为。
(4)为了解释C O的振动频率明显受到溶液pH值的影响，我们设计了原位“酸碱 
滴定” 实验，并由此推测OH•和 C O的共吸附模式很可能是C O强吸附在电极表面， 
而 OH•作用于CO间隙之间，其 0 端朝向电极表面, 但并不与Pt发生强烈的相互作用。
二、C O 在 R h 薄层上吸附的拉曼光谱研究
在上述纯过渡金属的表面拉曼光谱实验中，为获得较高质量的谱图往往必须采用 
长时间采谱，。基于粗糙A u具有较强的SERS活性和电磁场增强（EM ) 的长程效应, 
我们通过恒电流沉积法在粗糙A u 表面沉积不同厚度的过渡金属薄层，制备过渡金属 
/SERS活性基底体系，并获得吸附分子在过渡金属上吸附的较强信号。为了进行比较, 















(1)利用粗糙A n基底的SERS长程增强效应，获得C 0 在 Rh作1糙 A u表面上强的 
SERS谱，表明这种方法在检测弱吸附信号和进行时间分辨SERS研究中的应用潜力。 
但是，极薄层电极厚度不均匀性是这种方法必须解决的问题。
(2)首次开展了 C 0 在 Rh/光滑A u和 Rh/GC表面上拉曼光谱研究，我们可以通过 
控制沉积层厚度，并比较C 0 在 Rh/粗糙A u上的拉曼光谱，有效地分开A u的 SERS 
长程增强效应和R h自身的增强效应，并探讨R h薄膜上的SERS增强机理。以吡啶为 
探针分子计算R h薄层上增强因子（E F ) ，其值可达103。在此基础上，我们通过改 
变激发光波长并结合紫外可见吸收光谱开展进一步研究，结果表明Rh薄层上C 0 的 
SERS增强存在电磁场增强机理，而化学增强机理即电荷转移（CT ) 机理也有可能存 
在，但前者可能对R h的 SERS效应起着主要的贡献。
(3)通过比较桥式吸附和单端吸附C 0 积分强度之比随沉积层厚度d 的变化，可以 
间接地研究薄层表面结构的变化。结果表明，在沉积过程中，粗糙和光滑A u表面的 
Rh薄层的表面微观结构发生了较大的变化，而 G C上的Rh薄层表面结构则基本保持 
不变。
(4)在 Rh/粗糙A u、 Rh/光滑A u和 Rh/GC表面上，单端吸附C 0 的 C -0伸缩振动 
峰频率随d 的增加而蓝移， Rh-C伸缩振动峰频率随d 的增加而红移。其原因之一来 
自于Rh沉积过程中其表面结构的变化；另一方面则可能是由于当d 增大时， R h薄层 




纯 P t电极上的解离吸附和氧化, 首次获得了甲醇在粗糙P t电极上解离吸附生成C 0 的 
高质量表面拉曼光谱，为深入研究其氧化机理提供了一定的条件。在此基础上，我们 
结合循环伏安法，探讨电极粗糙度、甲醇浓度及溶液p H 值对甲醇解离吸附和电化学 
氧化行为的影响。主要结果如下：
(1)在高粗糙度P t电极上C 0 较难被氧化，这主要是由于粗糙P t电极的边缘、拐 

















( 2 )通过低波数区有关氧化铂谱峰在不同条件下变化的信息，我们发现，高粗糙 




度随着表面距离的变化，我们可以计算甲醇在氧化过程中电极表面附近溶液的p H 。 

































In situ Raman and electrochemical study of the 
adsorption and reaction of CO and methanol at Pt-group 
metal surfaces
Abstract:
The adsorption and reaction of Cl molecules, such as CH3OH and CO et al., on transition 
metal surfaces has its great significance to both the practical application and ftmdamental 
researches. The extensive investigation in this field have been carried out and great progress 
has been made. However, due to the differences in electrode materials, surface pretreatment 
procedures, solution compositions and the detection techniques, especially the complexity of 
the system during the reaction process, at least at present, the detailed mechanism on the 
reaction process is still in controversy, some very important problem, such as the special 
properties of the adsorbate under reaction condition and their roles during the reaction process 
(poison intermediates and active intermediates), the influence of the surface structure and the 
surface roughness on the reaction process. Among the various techniques in investigating the 
adsorption and reaction behavior of small organic molecules, infrared (IR) spectroscopy is the 
most widely used in-situ spectroscopic method, and has made tremendous contributions to 
provide a better understanding of this field. But the most widely used systems in IR, are those 
electrodes with very high surface reflectivity, such single crystal electrodes or smooth 
polycrystalline electrodes or surfaces of mild roughness. This is distinctively different from 
practical systems where electrodes with high surface roughness are used. On the other hand, 
surface enhanced Raman spectroscopy is applicable to rough electrode surfaces, which is 
complimentary to IR. Furthermore, SERS can provide a wider spectral window, which is quite 
convenient to obtain the vibrational information reflecting the interaction of the adsorbates and 
the substrates located under 600 cm'1. Thus, it is necessary to perform Raman study on 
electrocatalytic systems, so that IR an Raman can develop into complimentary techniques to 
provide deeper insight into the important and complex electrocatalytic mechanism. However, 
in the past two decades, the application of SERS is mainly restricted to Ag, Au and Cu 
surfaces which provide giant surface enhancement. Up to now, there are only two reports about 
Raman study on Cl molecules adsorption on pure Pt-group metal surfaces. The one published 
in the mid 1970’s can not be reproduced by other groups up to now, and the other one is our 
very recent and prelimenaiy result on CO adsorption in a basic solution, which indicates the 
difficulty in performing Raman study on this system. Based on the purpose of extending SERS 
to the study of the reaction and adsorption process of Cl molecules on transition metal surfaces, 
















1. Raman study on the adsorption and oxidation behavior of CO at
roughened Pt electrodes.
Using a highly sensitive confocal microprobe Raman system combined with the special 
roughening procedure for Pt electrodes, we investigated systematically the influence of 
different preadsorption potential, surface coverage and solution pH on the adsorption and 
oxidation behavior of CO on Pt surfaces. Main results and conclusions are summarized as 
follows:
(1) Taking the advantage of SERS in detecting adsorbate and substrate interaction in the 
lower frequency range, we have obtained not only strong signal of linearly adsorbed CO 
stretching vibration but also strong Pt-C vibration. At lower surface coverage, we 
observed a band atca. 1810 cm'1, the assignment (bridged mode or multi-fold) of which is 
still controversial from the results of other spectroscopic methods. In our study, a band 
appeared in 410-430 cm'Vegion simultaneously along with the band at 1810 cm'1. We can 
tentatively attribute this band at 1810 cm'1 to the bridged bound CO on the Pt surface 
according to the above low frequency band, which illustrates the significance to obtain 
information about the metal-adsorbate interaction.
(2) Compared with the vibrational band of the linearly adsorbed CO, the Pt-C vibration is 
less sensitive to the variation of its environments, such as surface coverage and electrode 
potentials. In sulfuric acid media, the Stark tuning rates for C-0 and Pt-C are about 25-30 
cm'W and - 4 5  cm'W respectively. The reason for which is: with the positive moving 
of the potential, the back-donation of electron from 5d orbital of Pt atom to the anti- 
bonding orbital In* of CO molecule decreases, thus the Pt-C bond weakens. On the other 
hand, the donation of electrons from 5a orbital of CO to Pt surface increases, thus the Pt- 
C bond enhanced. These two effects counteract at the same extend which lead to the small 
tuning rate of Pt-C with potential.
(3) After careful investigation on the frequency shift of linearly adsorbed CO on the electrode 
potential in sulfuric acid of CO oxidation process at smooth and roughened Pt electrodes 
during the oxidation process, we found very different behavior for the two electrodes, 
which may be due to the different oxidation behavior of CO on these two surfaces: On the 
roughened surface, oxidation of CO occurs uniformly in the adlayer, on the other hand, 
the oxidation occurs only at the edge of the island of the CO adlayer. The main reason for 
which is that there are a lot of defect sites, such kinks, edges and steps on roughened 
electrodes, whilst on smooth surface terrace dominate. The different in the adsorption and 















on smooth and roughened Pt surfaces.
(4) We designed an in-situ “basic-acid titration” experiment in order to interpret the 
significant influence of the solution pH on the vibrational frequency of the adsorbed CO. 
We proposed a possible model for OH* and CO coadsorption, in which CO strongly 
adsorbs on the electrode surface, and OH' inserts between two COs to some extend, but 
there is no strong interaction between OH'and Pt in the potential region from -1.0 V to - 
0.6 V.
2. Study of CO adsorption at Rh thin film surfaces
It should be noted that long acquisition time is required in above experiments on CO 
adsorption on pure transition metal surfaces to obtain relative high quality Raman spectra. 
Making use of the giant surface enhancement of gold (Au) substrate and long -range effect of 
electromagnetic enhancement, we prepared transition metal films of different thickness on the 
SERS active Au substrate by using a method of constant current deposition, from which we 
have obtained quite strong signals for the adsorbate in short acquisition time . For comparison, 
we deposited different thickness of Rh on smooth Au and glassy carbon (GC) substrates, on 
which the adsorption behavior of CO was also investigated and compared. Main results are 
listed as follows:
(1) Taking the advantage of the long-range effect of the rough Au substrate, the strong SERS 
signal of adsorbed CO at Rh films over SERS active Au substrate has been obtained. This 
reveals the potential of this method in making weak signal detection and performing time 
resolve SERS studies. However, it should be mentioned that the uniformity of this 
ultrathin film electrode is still a problem for the widely application of this method.
(2) We performed for the first time Raman spectroscopic study of CO adsorbed at Rh
deposited on smooth Au and GC surface. By controlling the thickness of the 
compared the Raman signal obtained from these films with that from Rh films on rough 
Au surface, we can separate the contribution from long-range effect of Au and the 
enhancement from Rh itself very effectively, and provide valuable information in 
understanding SERS mechanisms on these films. The surface enhancement factor of Rh 
films is estimated to be ca. 103 using pyridine as the probing molecule. Furthermore, after 
checking the different behavior of the Raman signal on the excitation line and combined 
with the UV-visible experiment, we found both the EM mechanism and chemical 
enhancement (charge transfer, CT) may contribute to the SERS of CO on Rh films. The 
former makes major contribution to the overall SERS of Rh film.















the integrated intensity of the bridged bound and linearly bound CO with the change of 
film thickness. It is shown that during the deposition process, the film surface 
microstructure experiences significant change for both rough and smooth Au substrates, 
but this is not the case for GC substrate.
(4) It has been found that on both Rh/Aur0Ugh, Rh/Ausmooth and Rh/GC surface, with the 
increase of film thickness, the stretching vibration frequency for the linearly adsorbed CO 
blue-shifts while that for Rh-C red-shifts. The change of the surface structure during the 
deposition process on different substrates may be one of the reason. Another possible 
reason for the change originates from the change in electronic structure (such as the 
Fermi-level) with the increase of the film thickness. The results show that, by selecting 
suitable probing molecule, Raman spectroscopy could be very perspective to be 
developed into a tool for investigating the change of the electronic structure of the 
ultrathin metal film.
3. Study of methanol dissociative adsorption and oxidation at roughened Pt 
electrodes
Due to the special role of methanol in fiiel ceil, we extend Raman spectroscopy to the 
study of dissociative adsorption and oxidation of methanol at pure Pt surfaces. We have 
obtained for the first time high quality Raman spectra of adsorbed CO, which is the product of 
methanol dissociative adsorption. This provides the possibility for a better understanding of the 
oxidation mechanism of this important electrocatalytic system. Basing on the above results and 
combining our cyclic voltammetric study, we investigated the effect of the surface roughness, 
methanol concentration, and solution pH on the dissociative adsorption and electrochemical 
oxidation of methanol on Pt surfaces. Main results and conclusions are summarized as follows:
(1) We found that CO is harder to be oxidized at the highly roughened Pt surface，because 
the strong interaction of CO with the surface defect (such as edges, kinks and steps et al). 
This reveals quite different oxidation behavior of methanol on the rough and smooth 
surfaces.
(2) By comparing the spectral change of platinum oxides under different condition in the low 
frequency region, we found that the oxidation of a roughened Pt electrode can be 
suppressed completely even at very positive potentials (ca. 0.9 V ) in concentrated 
methanol systems, v i^ich is hard to be obtained by conventional electrochemical and other 
spectroscopic methods during the surface reaction with high Faradic current..















confocal microprobe Raman system, we can calculate the pH value around the electrode 
surface during the methanol oxidation process. This revealed that we can in-situ 
monitoring the pH change of the electrode surface and the concentration change of the 
solution species vicinal to the surface. Furthermore, by adjusting the distance of the focus 
and the electrode surface, we can obtain information of concentration distribution in the 
difiusion layer of the solution phase.
(4) Correlating the Raman results and the information provided by steady current 一 time 
measurements, we found that for the roughened Pt electrodes, although the oxidation 
current of methanol keeps growing at the positive potential, CO, as the poisoning 
intermediates, still exists on the surface, which implies that the electrooxidation of 
methanol on roughened Pt surfaces follows the dual-path mechanism, i.e., methanol can 
be oxidized to form C02 through both CO poisoning or active intermediates.
(5) By comparing the difference in frequency of the CO produced by methanol dissociative 
adsorption with the pure CO adsorption at Pt electrode surfaces, and analyzing the broad 
carbonyl band in the frequency region of 1400〜 1700 cm"1 in the potential region of 
methanol oxidation and the band appearing at the low frequency region ca 420 cm"1 at the 
oxidation potential, we could get some information of some unstable intermediates other 
than CO during the dissociative adsorption of methanol. The detailed assignment of the 
structure of the intermediates needs fiirther work on this project.
In summary, taking the advantages of SERS in detecting vibrational information in the 
low frequency region and studying highly rough surfaces, and the three dimensional spatial 
resolution of confocal microprobe Raman system, we have successfully extended SERS to the 
study of adsorption and reaction process of CO and methanol on roughened transition metal 
surface ( Pt-group), which is close to the practical system of methanol fiiel cell. It should be 
mentioned that, due to the limitation of the time for this thesis, some of the results and 
conclusions are still very preliminary, systematic study on this system is still required. But this 
preliminary work presents the potential and perspective of applying SERS in the study of 
practical electrode reaction system. We believe that, with the comprehensive and systematic 
work on this system, we can get more insight into SERS mechanism theoretically and 















第 一 章 绪 论
第 一 章 绪 论  








c h 3o h ，h c h o ，h c o o h 等有机小分子具有无毒，便于储存和运输，高能量密度（> 





一 研究 C 1分子在电极上吸附和氧化机理
CH3O H 、 HCHO和 HCOOH分子虽然结构相对比较简单、具有比其它可能的有 



















第 一 章 绪 论
目前对甲醇的电氧化机理有两种看法，即双途径反应机理（ parallel reaction 
mechanism)[9,10]和连续反应机理（series reaction mechanism)[ll, 12] ,前者认为甲醇的 
氧化可以通过两种途径, 即通过0 生成毒性中间体CO或活性中间体,最终再生成c o 2 ； 














其合金。与其它金属相比， P t电极具有最高的催化活性和稳定性，特别是在酸性介质 
中，铂是最为有效的催化剂，这决定了在目前阶段电催化剂必须以铀这种昂贵的金属 
为主体[6 ]。Au在碱性介质中具有较强的催化活性，也获得了普遍关注[18-20]。其它 
一些金属如Pd[21]、 Rh[20, 22-25]、 Ir [26]等也是十分重要的催化材料。
作为提高催化活性的一种方法，合金电极和修饰电极广泛应用于C1分子的电催化 
氧化研究。在很多情况下，它们比纯金属电极表现出更好的催化活性。前者如Pt-Au、 
Pt-Ru , P t-Sn、 Pt-Rh、 Pt-Pd, Pt-Ru 等 [18, 27-31],后者如在 Pt 电极上以欠电位 
沉积(UPD)法沉积Cu、 Ag、 T l、B i、Ge、 S n、 Ru等原子[32-35]。一般认为外来 
















第 一 章 绪 论
催化剂[36-40], —般认为，这种电极电催化剂活性的增强是由于催化剂微粒在导电高 
聚物膜中的高分散度和金属微粒与聚合物的协同作用。
八十年代以来，单晶电极被应用研究各种有机分子氧化反应中[25, 41-44] o 以原 
子排列结构明确的单晶电极为模型催化剂的研究％可以清楚地揭示不同有机分子的结 
构敏感性，因而在分子层次上对电催化表面进行设计和筛选具有特殊和重要的意义。













电极上的覆盖度[18, 27]。 Capon和 Parson利用循环伏安法研究甲酸在P t电极上的氧 
化，指出甲酸在氧化过程中有中间体产生，这些中间体可能是= C 0H、- COOH或= C 0， 
它们在电位底于0.5 V 时稳定占据电极表面[3，45]。Papoutsis等将电极置于甲醇溶液中 
预吸附一段时间后再进行循环伏安研究，发现当吸附时间tads较短时(tads< l s ) ,电极表 
面上倾向于形成较不稳定的桥式或多端吸附的C 0 , 当吸附时间tads较长时，桥式或多 
端吸附的C 0 转化成较稳定的单端吸附的C O l ,但此时表面上更倾向于形成C H 0，作 
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